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Abstract
The influence of light on non-vascular plant-pathogen interactions were studied in
two moss species, Mnium cuspidatum and Physcomitrella patens, using a fungal
pathogen, Pythium irregulare, and a commonly used pathogenic elicitor (beta-glucan).
The findings of this study suggest that light does playa role in moss defense but speci fic
mechanisms remain unclear. In P. patens it was found that the defense gene AOe was
up-regulated in the light compared to the dark when treated with beta-glucan elicitor. A
phenotypic study of M. cuspidatum revealed that P. irregulare will infect and M
cuspidatum will subsequently mount a defense response. Unexpectedly, samples of M.
cuspidatum appeared healthier in the dark compared to the light when inoculated with P.
irregulare. Systemic acquired resistance (SAR) was also observed in M. cuspidatum and
three related genes, PAL, PR-4, and PR-S were identified in the genome.

Bryce J. Fawcett
Abbreviations

HR: Hypersensitive Response
SAR: Systemic Acquired Resistance
P. patens: Physcomitrella patens
P. irregulare: Pythium irregulare
M cuspidatum: Mnium cuspidatum
PCR: Polymerase Chain Reaction
qRT-PCR: Quantitative Reverse Transcription Polymerase Chain Reaction
SA: Salicylic Acid
JA: Jasmonic Acid
B-glucan:

Beta-I ,3-glucan

Chitosan: Beta-I ,4-glucosamine polymer
BCD: BCD Growth Medium
PDA: Potato Dextrose Agar
AOC: Allene Oxide Cyclase Gene
PR: Pathogen Related Gene
PAL: Phenylalanine Ammonia Lyase Gene
LOX: Lipoxygenase Gene
CHS: Chalcone Synthase Gene
ROS: Reactive Oxygen Species
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Introduction
Defense Mechanisms in Nature
The organisms found in the world today come from a lineage of successful
survivors. The ancestors of modern organisms found a way to survive in their
environment and reproduce, giving way to the next generation. At present, the life forms
that are found in and on the earth harbor some of the same defense mechanisms that
allowed their ancestors to survive. Many of these defense strategies are fascinating and
can inspire one to take a closer look at nature.
There are some very unique ways in which animals defend themselves against
threats. For example, when confronted by a predator the Texas horned lizard shoots a
stream of blood from its eye containing foul tasting chemicals to dissuade the predator
from attacking (Sherbrooke and Middendorf, 20(4). Some species of termites harbor
toxic crystals in their bodies that when mixed with salivary gland secretions explode and
spew toxic chemicals onto a threat, paralyzing it, and thus protect the termite colony
(Sobotnik et aI., 2012). Without the study of nature, many of these fascinating events
would not be known.
The former examples are relatively complex defense mechanisms on a
macroscopic scale, however, there are also defense mechanisms working at the
microscopic

level to prevent infection, disease, and parasitism. Although some defense

mechanisms are less complex, they are fascinating in their own respect due to their
simplistic yet successful strategy. Plants are one such species that employs a beautifully
simple defense strategy against microscopic pathogens.

Bryce J. Fawcett

Pathogen

9

Host Relationships

Besides threats like predators that can be seen with the unaided eye, there are
countless

other attackers on the microscopic

organism's

level that are just as dangerous to an

health. These small attackers are referred to as pathogens and they are

,
constantly

affecting living organisms. A pathogen is a microorganism,

such as viruses

bacteria, and fungi, capable of causing disease or illness. Pathogens often disrupt the
normal physiological

status of its host in order to benefit reproductively

and spread to

other hosts (Ness and Foster, 1999). The pathogen'S hijacking of the host's physiology
often deleterious

is

to the host's health and therefore it is necessary from the survival

standpoint of the host to defend against these invaders.

Although pathogens are microorganism, not all microorganisms are pathogens.
Many microorganisms

coexist with tbeir hosts without negatively impacting the host's

health, such as symbiotic commensalism. Mutualism, a symbiotic relationship where both
the microorganism

and host benefit, is another relationship that is widespread in nature.

For instance, the ski n of the human body is covered with bacteria that wiIl kill foreign
invaders tbat come in contact with the skin (Grice et al., 2009). These bacteria serve as a
biological defense mechanism for humans and human skin serves as a home for the
bacteria. However, not all host microorganism relationships are so harmless.
Parasitism is a type of symbiotic relationship in which the microorganism benefits
e
at the expense of the host. This is the typical relationship patll0g ns take with their host
Pathogens are often host specific meaning that they have a certain species they can
successfully

infect and utilize as a host whereas other species are resistant to being
0

il\ fected, termed non-host res istan ce (An tonovi cs et a I., 2 I 3). It is due to these

Bryce J. Fawcett 10

deleterious parasitic effects that host organisms have evolved defense mechanisms for
evading infection.

Human Pathogen

Interactions

Pathogens have plagued humans throughout history by directly causing illness or
indirectly by infecting important food sources. Thus, pathogens have bad a major impact
on medicine and agriculture, both of which are of great economic importance to society.
Direct effects on the human population from pathogens include illnesses like the common
cold and influenza to diseases like HIV and polio. Certain pathogenic viruses are even
capable of inducing cancer. With so many pathogen-induced diseases tbat infect and
sometimes kill, it is important to understand pathogens in order to prevent illness and

disease.
Less commonly tbougbt of as human-pathogen interactions are those that
indirectly affect tile human population. Agriculture is the major route through whicb this
occurs. With the world's population continuing to groW, it is imperative that crops remain
healthy for there to be suftlcient amounts of food to feed the buman population. In
Ire Ian d i 0 the 18405, a J arg num bcr of the people relied so Ie lyon potatoes as a food
e
source; a pathogenic potato blight decimated the crop and subsequently left the people of
Ireland with no food. It has been estimated that approximately 1-2 million people died as
a result of starvation and anotber J.5 million were displaced in an attempt to find food
(W ood ha In-S m ith, J 991). The Irisb Po tato Famine iHustrates the importance of
understanding

agricultural patllOgcnS for the preservation of the human population

Bryce J. Fawcett 11

Plant Pathogen Interactions
Humans have many ways to deal with pathogens; they can take medication, use
sanitizing solutions, apply antibiotics, wear protective clothing, and even avoid contact
with other individuals that are sick. However, plants do not have any of these luxuries.
Plants have thick bark and a wax layer comparable to the human skin as a protective
barrier, but they do not have the ability to move to avoid threats. Plants must rely more
heavily on internal defense mechanisms against pathogen attack since they cannot avoid
being encountered by a pathogen.
Vascular plants, also known as higher plants, are organisms with specialized
tissue for transporting nutrients. These specialized tissues are called the xylem,
responsible for conducting water and minerals throughout the plant, and the phloem,
which transports photosynthetic energy products to areas of the plant that do not undergo
photosynthesis.

With the presence ofthese vascular tissues, plants have been able to

evolve to a larger size than their ancestors that lacked vascular tissue. Howcver, just
because a plant is massive in size does not mean it is not susceptible to an attack on the
microscopic

level. Vascular plants arc vulnerable to pathogen attack.

When pathogens attack, plants respond with internal defense mechanisms. Many
of these defense mechanisms have been studied fairly well in vascular plants (Ponce de
Le6n et al., 2007). One such mechanism is the hypersensitive response (HR), which
causes cells surrounding the infection site to die in order to limit the pathogen's access to
wa ter an d nutri en ts an d thus its ab iiity to spread to oti1er areas of the plant (Gri ebe I and
Zeier, 2008; ponce de Leon et al., 2007). The plant kills its own cells in order to
quarantine and starve the pathogen.

HR is first

triggered when the plant recognizes a

Bryce J. Fawcett 12
pathogen. This occurs by pathogenic molecules being recognized by resistant (R) gene
products of the plant. These R gene products are specific receptors that can recognize
characteristics

unique to pathogens, such as the ligand exterior of some pathogens (Ellis

et al., 2000). Once the receptor recognizes the pathogen, signal transduction triggers an
oxidative burst of reactive oxygen species (ROS) that disrupt normal cell functions thus
killing cells around the infection site (Govrin and Levine, 2000). It is also believed that
ROS like hydrogen peroxide (1--1202) are involved in HR by chemically interfering with
the growth of the pathogen (Maksimov et al., 2010). Furthermore, upon pathogen
detection, the plant begins strengthening its cell walls with phenolic compounds making
penetration by the pathogen more difficult (Maksimov et al., 2010). The plant hormone
jasmonic acid (JA) is also suspected to playa role in HR (Kenton et al., 1999; Mueller et
al., 1993).
A localized pathogen contact on the host can also induce systemic acquired
resistance (SAR), another defense mechanism. The activation of SAR provides other
parts of the plant with long lasting resistance against future attacks, similar to vaccines
providing prolonged immunity in humans (Griebel and Zeier, 2008; Zeier et al., 2004).
Studies have shown that certain genes are activated to produce the SAR response, such as
CHS, PR-l, and LOX (Griebel and Zeier, 2008; Ponce de Le6n et al, 2007). These genes
are known to mediate the defense response.
The pathogen used in this study was Pythium irregulare (Fig. 1), a pathogenic
fungus in the class Oornycetes that appears white and filamentous. P. irregulare is
capable of affecting numerous plant species including many important crops. The
primary area of infection is the root of a plant. Infected roots become soft, mushy, and
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ier elects cause by the pathogen are stunted growth, wilting,
ff
d

and yellowi ng d ue to nutntlOn
... msufficiencies (Omafra, 2012).

Figure 1. pythium irregulare (arrow)
growmg on -noss.
It is importan t to understand the lifecycle (Fig. 2) 0 f the patho gen being uti Iized.
Germinating oospores grow and the resulting hyphae infect plant roots via the use of an
infection peg in the appressorium ofthc hyphae. Next, sporangia are produced on
mycelium growing within the roots. Asexoal reproduction can then occur to yield
zoospores that are released from [he sporangium to restart the cycle. If environmental
conditions are unfavorable, sexual reproduction occurs to produce a thick-walled oospore.
,
which once under favorable conditions will germinate and restart the life cycle (Omafra

2012).
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Figure 2. Pythium Root Rot Life Cycle (Omafra, 2012)

Non- Vascular Plants
Non-vascular plants, also referred to as bryophytes or mosses, are also susceptible
to being challenged by pathogens. Bryophytes include hornworts, liverworts, and true
mosses. Mosses, phylum Bryophyta, are particularly interesting to study since they are
one of the oldest groups of land plants and have survived pathogen interactions much
longer than vascular plants (Oliver et ai., 2009). Mosses live sedentary lives
environments.

111

a range of

They can be found in temperate, tropical, Arctic, Antarctic, moist, and dry

regions of the world (Raven et ai., 2005). These plants are relatively small but can cover
large areas of the ground and grow on rocks and trees. They do not have true roots;
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instead they have root-like structures called rhizoids that help anchor them to substrates
such as soil. Mosses also do not have true leaves, as that is a characteristic of a vascular
plant; instead mosses have structures called phyllids, which are leaf like in shape and are
composed of a single layer of cells (Raven et al., 2005).
Mnium cuspidatum (Fig. 3) was one of the species of moss chosen for study. M.
cuspidatum can be found across North America growing on moist soil, decaying logs and
stumps, on the bark at the base of trees, and on rocks (Streb, 2001). There appears to be
very little knowledge that exists on this species of moss. Another species of

1110SS

chosen

for this study is Physcomitrella patens (Fig. 4). P. patens has its genome fully sequenced,
which makes it ideal for using in a genetic study.

Figure 3. Mnium cuspidatum

Figure 4. Physcomitrella patens

It is important to understand the life cycle of moss (Fig. 5) since it is the organism
of study. The life cycle of moss is unique in that it alternates between a haploid and
diploid number of chromosomes

depending on the life cycle stage. Initially, a haploid

spore will germinate and develop into protonemata, which will then bud and grow into a
gametophore.

The gametophore is still haploid and can be either male or female. Sperm

and egg combine hom male and female gametophores resulting in fertilization and a
zygotc that is diploid. The zygote then grows into a sporophyte, which will eventually

Bryce

J. Fawcett
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undergo meiosis and produce spores, thus completing the life cycle (Campbell et al.,
2008). The life stage that is most identifiable to the commoner as moss is the haploid
gametophyte

stage. This is interesting because most other organisms encountered, like

mammals, are diploid in their major life phase.
..... Raindrop
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Figure 5. The life cycle of moss (Campbell et al., 2008)

Light's Role in the Plant World
Unlike humans, plants are autotrophic and derive their energy from the sun by
photosynthesis.

Being autotrophic entails being able to form organic nutrients from
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inorganic compounds, however, an energy source is needed in order to accomplish this
task. Unlike most other organisms outside of the kingdom plantae, plants are able to
capture the energy stored in a photon of light. This process is accomplished through the
use of photoreceptors

in the chloroplasts of plant cells. Interestingly, these photoreceptors

used for energy capture also are involved with transducing light-induced signals for other
physiologic purposes in the plant. Light via photoreceptor recognition is responsible for
regulating gene expression of approximately 2,500 genes in the vascular plant
Arabidopsis

thaliana (Guyla et al., 2003). Light is known to play an important role in

regulating many aspects of plant growth, development, and physiology (Griebel and
Zeier, 2008). With light playing a role in the expression of so many genes, it would be
interesting to discover if light mediates a response to pathogen attack.
There are several studies linking light exposure to the activation of defense
mechanisms

in vascular plants (Griebel and Zeier, 2008; Roden and Ingle, 2009). There

appears to be a correlation between the strength of the defense response and the duration
of light exposure relative to the time of pathogen attack. Studies have shown that the
vascular plant A. thaliana is unable to initiate SAR if infected in the dark, but is able to
initiate SAR if infected in the presence of light (Griebel and Zeier, 2008; Zeier et al.,
2004). However, the molecular mechanisms by which light regulate pathogen responses
are poorly understood (Griebel and Zeier, 2008; Roden and Ingle, 2009). Researchers
believe that the mediation of SAR by light is due to the signaling molecule, salicylic acid,
which requires light for biosynthesis (Griebel and Zeier, 2008). Further investigation of
light's role in plant defense responses is needed to gain a more comprehensive
understanding

of plant pathosystems.

-
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Thesis Hvpothesis
If the vascular plants evolved from the non-vascular plants then we would expect
both groups to exhibit similar defense mechanisms. However, little information exists on
the defense mechanisms in non-vascular plants (Ponce de Leon et al., 2012). The main
interaction studied to date is between Physcomitrella patens (moss) and Pythium
irregulare (fungus) and appears to be similar to vascular plants (Oliver et al., 2009;
Ponce de Leon et al., 2007). Because few species have been studied, I am interested in
determining whether other moss species respond to pathogen infection similarly to P.
patens and other vascular plants; since they typically grow in shaded environments, it
would be interesting to determine if the response is mediated by light exposure.

r arrived
mechanisms

at my thesis idea after doing some preliminary reading on the defense

of plants. Dr. Villani initially introduced to me the idea of studying moss in

his lab and we begun meeting to discuss research papers on plant defense. One of the
papers I found was about the importance of light for mediating defense responses. I
thought this topic was particularly interesting and wanted to learn more about it; however,
there has not been much research conducted on this topic. The limited research on this
topic has been focused on vascular plants, not moss, so I wanted to discover light's role
in defense responses specifically in the moss Mnium cuspidatum. The pathogen P.
irregulare is capable of causing disease in many plant species including crops, which
makes it an important pathogen to study and thus why I chose it for this project (Oliver et
aI., 2009). This study is important because it will increase our knowledge about an
understudied

group of organisms, mosses, and with what mechanisms they respond to

pathogen challenge. This research could provide a better understanding of how other

Bryce J. Fawcett
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plants, such as wheat or com, defend against pathogens by looking at a more primitive
system from which wheat and corn plants evolved.
I hypothesis that M. cuspidatum will exhibit HR and SAR mechanisms after
inoculation by P. irregulare and these defense mechanisms will be mediated by light
exposure. I also expect to see greater resistance to future pathogen attacks via SAR when
the moss is exposed to light for a longer duration upon initial infection. Since light
exposure to the plant appears to be influencing the plant's defense response, I expect to
see an increase in the expression levels of the defense genes AOC, CHS, PR-I, and LOX
when exposed to longer light durations upon inoculation. I also expect to see higher
levels of peroxidase in moss samples exposed to longer durations of light upon
inoculation.

-
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Materials and Methods
Plant/ Pathogen Material and Growth Conditions
An ideal moss species for this investigation is Mnium cuspidatum. I chose this
moss to work with since it grows well on artificial medium and can be easily propagated.
Also, disease development can be easily visualized microscopically since the tissue is one
cell layer thick.
M. cuspidatum was obtained from an outside source in the Holcomb Gardens area
of Butler University in Indianapolis,

IN. Healthy looking moss samples that were

relatively large were obtained and then sterilized. Moss sterilization was accomplished by
cutting moss into small tissue samples no larger than 5 mm then subjecting to a 7.5%
bleach 1% tween 20-surfactant solution for 2 minutes. Samples were then rinsed in 01
water to cleanse the sterilizing solution. Samples were then plated on BCD medium.
Sterile Physcomitrella

patens was obtained from Ralph Quatrano at Washington

University St. Louis.
All moss samples were grown on sterilized agar BCD medium under a 12hr light
12hr dark cycle with fluorescent lighting at 27.5°C. One liter of BCD medium was made
with 10 mL B stock solution containing 25 grams MgS04·7 H20 and I L I-hO, 10 mL
stock solution C containing 25 grams KI--bP04 and 1 L H20 adjusted to pH 6.5, 10 mL
stock solution 0 containing 1.01 grams KN03 1.25 grams FeS04·7
920 mg di-ammonium

n.o and

1 L I-bO,

(+) tartrate then brought to a volume of 1 L with the addition of

}-bO and adjusted to pH 6.5 prior to the addition of4 grams Agargel (Sigma Aldridge).
Solution was then autoclaved at 121°C at IS psi for 25 minutes to sterilize. Post
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autoclave sterilization,
into petri-dishes

1 mL of 1 M CaCh was added. Medium solution was then poured

and let solidify before use.

Moss was propagated by cutting sterile healthy mature samples into small pieces,
approximately

5mm in length, then transferring pieces to a new BCD plate for growth.

Approximately

6 colonies were grown on each BCD plate. All utensils used were

sterilized with 9YYo EtOH and t1ame.
Pythium irregulare, a fungus, was chosen as the pathogen of use for this study
due to it being known to infect other moss species (Oliver, 2009; Ponce de Leon, 2012).
P. irregulare specimens were obtained via purchase from American Type Culture
Collection Global Biosource Center. Samples were transferred to potato dextrose agar
(PDA) medium for growth. PDA is a common medium for microbial growth. PDA
medium was made at 1/8th strength in order to maintain fungal virulence. If fungus is
grown on nutrient rich medium than the fungus will lose its ability to successfully infect a
host. Therefore,

PDA medium was made at 1/8th strength. For 500 mL of 118 strength

PDA medium, 2.438 grams of stock PDA containing 15 giL agar, 20 giL dextrose, and 4

giL potato extract was added with 6.563 grams of BD Difco agar and brought to a
volume of 500 mL with water. P. irregulare samples on PDA medium were grown at
room temperature,

25°C, in a shaded environment (Oliver et al., 2009; Ponce de Leon et

al., 2012).

Inoculation Procedure
A single PDA plug, approximately

5x5 mm, bearing P. irregulare was positioned

in contact with each of the moss colonies under sterile conditions. For each inoculation,

..
Bryce J. Fawcett 22
the growing front of the P. irregulare was used. PDA plugs without the pathogen were
used as a control (Oliver, 2009). Elicitors were also utilized for inoculation. Beta-l,3glucan (B-glucan) and beta-l,4-glucosamine
concentration

polymer (chitosan) were used at 1 mg/ml

with water as the solvent and applied to moss samples in 30 uL volumes.

An equivalent amount of water was used as a control.

Light Treatrnents
Three-week-old

moss gametophytes were utilized for experimentation (Ponce de

Leon et al., 2012). Various light treatments were employed; constant dark (Ohr light per
day), light cycle (l2hr light per day), and constant light (24hr light per day). The light
source was from fluorescent cool white bulbs. A constant dark environment was achieved
by blocking light with aluminum foil. All experiments were conducted at 27.SoC. Prior to
inoculation,

samples were allowed to acclimate in the light treatment for at least 24 hr in

order to disrupt the affects of circadian rhythm (Griebel and Zeier, 2008).

Detection o[De[ense Response
Infiltration ofP. irregulare into M. cuspidatum was observed by staining with
lactophenol-trypan

blue prior to viewing cells with a light microscope (Oliver et al.,

2009; Ponce de Leon et al., 2007). Trypan Blue stain was made with 0.6 mL I(Yo trypan
blue stock in dl-bO, 20 mL lactic acid, 20 mL phenol, and 20 1111 dI-bO. The blue stain
seen in or between the moss cells indicates a successful pathogen attack. Cell death was
observed by staining the moss with O.OS% Evans blue and washing four times with
deionized water to remove dye not bound to dead cells (Oliver et al., 2009; Ponce de
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Leon et al., 20 12) . Evans Blue stain was made by creating a stock solution of 1% Evans
Blue us ing 100 mg of Evans Blue and 10m 1of water; this was then diluted to the
appropriate concentration for staining. Browning of the chloroplasts was also observed to
indicate cell death and chloroplast movement to the periphery of the cell indicated a
defense response (Ponce de Leon et al., 2007). Fluorescent microscopy was also utilized
to detect fluorescent compounds such as phenolic compounds in moss cells. Phenolic
compounds are associated with HR (Maksimov et al., 2010).

Detection ot"Peroxidase Activit)!.
Plant extraction for determining peroxidase activity was performed by grinding
tissue samples with 5 volumes of 0.025 M Na_phosphate buffer (PB) pH 6.2. After 30minutes at 4'C, the homogenate was centrifuged at 8000 g in Eppendorftubes

for 10

minutes. Peroxidase activity was then determined by using 30 ill of plant extract diluted
0
30 times and 25 ill of 0.08 mg/ml o_phenylenediamine added to this solution. Then 1 ill
of 0.43 mM H 0, was added and 2 min later color development was stopped by the
2

addition of 20 III of 4 N H2S04. Optical density was then found using a
1
spectrophotometer with a wavelength of 490 nm (Maksimov et al., 20 0).

Characterization o{SAR
To test whether systemic acquired resistance (SAR) can initiate resistance in other
parts of the plant, a two-step inoculation experiment was conduced. The initial
inoculation occurred at the tip of a moss plant. One day after initial inoculation, an
uninfected portion of a moSS colony was separated, transferred to another plate, and

•
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inoculated for a second time (Griebel and Zeier, 2008). Moss health was assessed on a
consistent schedule post inoculation in order to determine if pathogen infection was
delayed, progression was slowed, or non-existent altogether. Variation in cell death and
chloroplast browning among moss colonies were analyzed for evidence of the
establishment of SAR. This experiment was conducted under a 12 hr light/ dark cycle.

DNA Extraction and Concentration
DNA extraction of M cuspidatum was performed using Qiagen DNeasy Plant
Mini Kit. The Qiagen DNA extraction protocol, purification of total DNA from plant
tissue, was followed. Concentration of extract was determined via agarose gel
electrophoresis

using known J... DNA concentrations for comparison. DNA samples were

concentrated with the addition of 3 M sodium acetate pH 5.2, and 100% cold ethanol
followed by centrifugation, decanting and resuspension.

Gene Probing and Comparative Genomics
Probing for defense related genes in M cuspidatum was conducted by screening
M cuspidatum DNA with primers designed for P. patens. Primers related to known
defense genes were designed by Allison Shanks, Peter Winter, and Ryan Eller (Butler
University Undergraduates)

and synthesized by Sigma-Aldrich (Table 1). Polymerase

chain reaction (PCR) (52°C annealing) was performed followed by gel electrophoresis to
detect amplified products. Amplified DNA products were outsourced to Molecular
Cloning Laboratories (MCLAB) for sequencing. Resulting sequences were compared to
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known genes via the NCBI nucleic acid BLAST program. Sequence similarities were
assessed through query coverage, E-value, and percent identity.
Sequence (5'-3')
Oligo Designation
GCATGTCAACAGCCTCGGGG
PWI AOC F
AOC
GCTGGAGCCACGGACGG
PW2 AOC R
AOC
ATGTTCCTCAGGGAGGAGGT
PW13 CHS F
CHS
CCCAGAACATCTCGTTCCAT
PW14 CHS R
CHS
CGAAGATGTCCGATTTCCTG
PW9 LOX F
LOX
ACGGGTGATCCTCTCCTCTC
PWIO LOX R
LOX
CAGGACGGACGAGAGGTTT
PWll PAL F
PAL
TGAGAATCTCCATGGCTTCC
PW12 PAL R
PAL
ATCGCCGATATGCTTTGACT
PWl7 PR-l F
PR
TGGTTTGTACTGTTCTGTCTGCT
PW18 PR-l R
PR-l
CTCAGCCCAAGTCGCCCAGC
PW46 PR-2 F
PR-2
TGGGATGCCATCTGCGGGGA
PWS7 PR-2 R
PR-2
ACAGCGGCCTCGAAACGGTG
PW48 PR-2 F
PR-2
CCAGCCTCGCGTGGAAAGGG
PW49 PR-2 R
PR-2
GCACGGACGCAAGGGACTGG
PW60F
PR-3
CACCACCCACGGAGGCGAAG
PW60R
PR-3
ACGGACGTGGAGCGTTTCCC
PW61F
PR-3
GATCTTCGCCGTGGCCGCAT
PW6lR
PR-3
GCAGGAGGCGACAGCAGCAA
PW68F
PR-4
GACGCCCACGTCTGGGTTGG
PW68R
PR-4
GACGCTCTTGGCGTCCGCAT
PW69F
PR-4
GACGCTTGCCCAGTTCCCCC
PW69R
PR-4
TGGCTGGATGCAAGAGCGCC
PW7lF
PR-S
TTCGCTGCGCCAGATTGCCA
PW71R
PR-S
Table 1. Forward and reverse primer sequences designed for defense related genes in
Physcomitrella patens.
Primer

(Gene)

RNA Extraction
RNA extraction of P. patens was accomplished via Qiagen RNeasy Plant Mini
Kit with the protocol for the purification of total RNA from plant cells and tissues and
filamentous fungi. RNA extracts were quantified via Bio'Tek microplate reader and
corresponding

Gen 5 (version 2.00) software.
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qRT-PCR and Gene Expression Analysis
Detection of gene expression uses common laboratory procedures (Griebel, 2008;
Ponce de Leon, 2012). RNA extracts from treated samples were utilized for investigating
gene expression via qRT-PCR. RNA samples (20 ng/uL) were combined with Applied
Biosystem's

power SYBR Green RNA-to-CT I-Step Kit and FIR primer mix (2.5 uM);

amount ofmRNA present in a sample was measured via qRT-PCR (BioRad CFX
Connect Real Time PCR Detection System). Primers utilized were actin (control),
pathogen related (PR-i), phenylalanine ammonia lyase (PAL), lip oxygenase (LOX),
chalcone synthase (CHS), and allene oxide cyclase (AOC). Three internal replicates were
performed for each sample-primer pair. qRT-PCR data was analyzed with statistical tools
on the Bio Rad CFX Manager software.
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Results
P. irregulare Infection orM cuspidatum
To begin investigating the effects of light on plant defense pathosystems, it first
had to be established that the pathogen of choice, pythium irregulare, would infect the
host, Mnium cu.spidatum, and thus be a suitable host/pathogen combination for study. To
test this, PDA plugs containing fungal hyphae were taken from the growing front of P.
irregulare cultures and placed in contact with moss samples. P. irregulare appeared to
successfully grow on M. cuspidatum (Fig. 6). After 48 hours post-inoculation, moss
samples appeared brownish and transparent; the presence of fungi was confirmed through
Trypan Blue staining of fungal hyphae (Fig. 7). Detection of P. irregulare attempting to
gain access to host cells was observed by staining fungus with 0.05% Toludine Blue to
show fungal appressoria used for breaching cells (Fig. 8). High magnification microscopy
revealed the presence of fungal hyphae growing through the moss passing from one cell
to the next (Fig. 9). Cell death was observed with the aid of Evans Blue stain (Fig. 10).

'""

,
"

t,

Figure 6. pythium irregulare growing
on Mnium cuspidatum.

Figure 7.lv1niu/11 with pythium stained
with 0.01 % Trypan Blue after 48hr.

Bryce

Figu re 8. Appressoriul11 of pythiurn hyphae
stained with 0.05% Toludine Blue
penetrating a healthy cell in M cuspidatum-

J. Fawcett

Figure 9. pythium hyphae inside of
M. cuspidatum cells.

Figure 10. Evans Blue staining of M. cuspidatum
cell death as a result of pythiurn infection.
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Defense Response (HR) orM cuspidatum
The defense response of M cuspidatum was investigated without any light
treatment other than nonnal growing conditions to determine ifM cuspidatum exhibits a
hypersensitive

defense response. An ideal HR response as described by the literature

should look similar to Fig. I\. M cuspidatum was inoculated with P. irregulare and after
several days moss samples were observed. Moss samples were stained with 0.01%
safranin, a pink stain that binds to newly synd1esized cell wall material. It was observed
that safranin staining in the location of the cell wall occurred in samples that were
inoculated (Fig. 12), but staining was not observed in non-inoculated control samples.

i

i:

Cell Clearing

Chloroplast
Movement

Safranin Staining

Figure 11. M. cuspidatum tissue exhibiting a characteristic hypersensitive defense
response. Safran in staining (pink) o[new cell wall material can be seen along with cells
around the affected area being cleared of contents. Chloroplast dispersion to the
periphery of cells can also be seen in cells along the boarder between dead and healthy
cells. Actual cause of hypersensitive response in this sample is unknown.
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Figure 12. Hypersensative response of M. cuspidaturn showing new cell wall
material stained with 0.01 % safranin after P. irregu!are inoculation. Sample
grown in a 12hr light/ dark cycle at 27.SoC.

Samples were also viewed using fluorescent microscopy to detect phenolic
compounds associated with the hypersensitive response. Bright fluorescing cells were
observed in inoculated moss samples (Fig. 13) but significant fluorescence was not
observed in the cells of non-inoculated

samples. No chemical testing was conducted to

confirm whether the increase in fluorescents observed in inoculated samples was due to
increased phenoliC compounds in the cells.
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Figure 13. Phenolic production (bright cells) of M. cuspidatum viewed with
tluorescent microscopy post P. irregulare infection. Sample grown under 12hr
light/ dark cycle at 27.SoC.

It was also of interest to discover if M cuspidatum would mount a defense
response when in the presence of an elicitor instead of a living pathogen. Beta· I ,3·g1ucan
(\3. gl ucan) and beta· I ,4. gIucosam ine (chi tosan) were used as elicitors and applied to
moss samples (30 uL volume of I mg/mL). Samples were then stained with 0.0 I%
safranin to reveal the presence or absence of the production of new cell wall material. At
the 0 hr time point (control) all cells appear healthy indicated by bright green chloroplasts
dispersed evenly throughout the cells (Fig. 14a). No staining was observed at this time
point. At 24 hr post.inoculation,

cells still appeared healthy as indicated by the presence

of green chloroplasts uniformly dispersed throughout cells (Fig. 14b). There was no
visible staining at 24 hrs. At 48 hr post. inoculation , cells appeared healthy and green with
no apparent staining (Fig. 14c). At no time point checked did B·glucan or chitosan appear
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to elicit a HR cell wall thickening response in M. cuspidatum. Samples applied with
chitosan showed similar results to that of B-glucan.

c

Figure 14. Post-inoculation assessment of HR response of M. cuspidatum inoculated
with B-glucan elicitor (30 ul of I mg/ml) and kept under 12hr light cycle. Samples were
stained with 0.01% safranin to detect new cell wall deposition. A. Ohr post-inoculation
B. 24hr post-inoculation C. 48hr post-inoculation.

Svstemic Acquired Resistance (SAm in /'vI cuspidatum
In order to detect whether M. cuspidatum exhibits systemic acquired resistance
(SAR) an infection re-infection study had to be conducted. Heightened defense response
upon future attacks (SAR) was detected by infecting M. cuspidatum cultures with P.
irregulare at one tip of the stem, waiting 10 hours, and cutting the piece of moss to obtain
a section of moss that had yet to be parasitized by the fungus. The fungus free section
was then placed on standard BCD medium for 24 hr before a secondary inoculation with
P. irregulare occurred. The amount of time for cell death upon secondary inoculation
was compared to primary inoculation. It was found that after 96 hr there was less cell
death on moss samples that had undergone the SAR treatment compared to similar moss
samples with a single inoculation (data not shown). Samples that had undergone the SAR
treatment appeared greener than samples that had not undergone the SA R treatment.
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Pythium irregulare Growth Rate
To determine what factors affect the growth rate of P. irregulare, growth of the
fungus was monitored under different environmental conditions. It was found that the
strength of the PDA medium the fungus was cultured on does not seem to affect growth
rate (Table 2, 3). The presence or absence of light also did not appear to affect the growth
of P. irregulare (Table 3). Variations in temperature did appear to have an affect on the
growth rate of P. irregulare (Table 2). Lower temperature correlated with slower fungal
growth and higher temperature correlated with a faster growth rate.

Time and Temperature
PDA Strength
1I4th

54 hr / 22°C

30 hr / 27.5°C

54 hr /27 .5°C

30 hr / 22°C
16.5 mrn

43 mm

25.5 mm

57mm

54mm
25mm
42.5 mm
16 mm
1I8th
Table 2. P. irregulare growth distance with various PDA strength and temperature.

PDA Strength

Time and Light Condition
35 hr / dark
35 hr / light
30.75 111111
28.75111m
29.5111m
28.5111m

1/8th
1116th
Table 3. P. irregulare growth distance with various PDA
strength and light exposure at 27.5°C.
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Light and De{ense Responses in !'vI cuspidatum
To determine the effect of light on the hypersensitive response in M. cuspidatum,
moss samples were placed in either constant light or constant dark environments.
Samples were allowed to acclimate to the light or dark condition for at least 24 hr prior to
infection. Inoculation with P. irregulare and subsequent detection methods for an HR
response were employed. Staining with 0.01% safranin was utilized for the detection of
new cell wall material. Chloroplast dispersion and greenness were also assessed.
It was found that P. irregulare successfully infected all samples. The cells closest
to the inoculation site in the constant light samples at 24 hr post-inoculation had a
majority of clear cells with a few brownish-green

chloroplasts scattered throughout.

Further away from the inoculation site, cells contained green chloroplasts surrounding the
periphery of the cells (Fig. ISb). There was safranin staining in one location where P.
irregulare appeared to be entering the moss tissue (Fig. ISb). The moss samples in
constant dark at 24 hr post-inoculation

appeared similar in appearance to the 24 hr light

sample. However, the samples in the dark did not exhibit chloroplasts surrounding the
periphery of cells, chloroplasts where dispersed evenly throughout the cells (Fig. lSe).
There was also no safranin staining in any of the dark samples after 24 hr postinoculation (Fig. lSe). At 48 hI' post-inoculation,

both the light and dark samples had a

majority of cleared cells with brownish chloroplasts. The dark samples appeared to have
significantly more safranin staining than the samples in the light (Fig. I Sc.f). All infected
samples were compared to non-infected samples (control samples) under the same light
condition. All control samples at all time points had bright green chloroplasts dispersed
evenly throughout the cells and no safranin staining (Fig. I Sa,d).
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Figure 15. M cuspidatum viability and hypersensitive response (HR) assessment after P.
irregulare infection. Moss samples on BCD medium were subjected to 24hr light/dark
condition prior to inoculation. Samples were kept in either constant light or constant dark
environments post-inoculation. Samples were stained with 0.01 % safranin for presence of
HR. A. 0 hr post-inoculation (light) B. 24 hr post-inoculation (light) C. 48 hr postinoculation (light) D. 0 hr post-inoculation (dark) E. 24 hr post-inoculation (dark) F. 48
hr post-inoculation (dark).

In another experiment, M. cuspidatum cultures were inoculated with P. irregulare
and placed in different light conditions, either 0 hr light per day or a 12 hr light/ dark
cycle. Five moss samples were placed in the dark and five were placed in the light cycle
environment. Viability of M. cuspidatum cultures was assessed at 0, 3, 6, and \ 0 days
post-inoculation.

There was no significant difference in the appearance of light versus

dark samples the first 3 days. However, after 10 days post-inoculation

there was a

significant difference in cell death between the inoculated light and dark samples (Fig.
\6a,c). The inoculated dark samples appeared relatively green after \ 0 days (Fig. \6a).
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The inoculated

samples in the 12 hr light cycle environment

majority

of the sample was clear and mushy in appearance.

(control)

appeared

lush and green in both light treatments

appeared

dead (Fig. 16c); the

Non-inoculated

samples

after 10 days (Fig. 16b,d).

B

A

,"

c

D

Figure 16. Effect of light on Mnium viability 10 days post innoculation with Pythium. A
(inoculatedj/B
(non-inoculated) 0 hr light per day (complete dark). C (inoculated)/D
(non-inoculated) 12 hr light per day.

M. clispidaturn
Activity
samples

Peroxidase

Activitv

of peroxidase

were pretreated

24 hr prior to inoculation.

in Response

enzyme

in samples

with a light treatment
Samples

to Light Treatrnent

and Infection

of M. cuspidatum was quantified.

(constant

were then inoculated

light or constant
with P. irregulare

Moss

dark) for at least
and kept in
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same light treatment for 24 hr. It was found that in constant light, infection by P.
irregulare did not appear to increase the activity of peroxidase compared to non-infected
samples (Fig. 17). There did appear to be an increase in activity of peroxidase in
inoculated samples subjected to constant dark compared to all other treatments. Samples
of M. cuspidatum in the light and dark condition in the absence of P. irregulare did not
significantly differ in peroxidase activity.

Dark Control

....c:

Dark Innoculated

<lJ

....Ero
<lJ

~

Light Control

Light Innoculated

o

0.005

0.01

0.015

0.02

0.025

003

0035

0.04

0.045

Absorbance

Figure 17. Peroxidase activity of Mnium after 24 hr post inoculation with P. irregulare.
Tissue samples were prepared with Img/5uL extraction buffer. Cell extract was mixed
with substrate solution and absorbance measured at 490nm.

Gene Probing o[the M cuspidatum Genorne
The genome of M cuspidatum has not been sequenced; therefore, peR primers
designed for P. patens defense related genes were used. 83 different primers were
screened with M. cuspidatum DNA (e.g. Fig. 18). Of all the primers screened, 10 were
able to bind to M. cuspidatum DNA and allow for amplification. The peR amplification
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products of these 10 primers were sequenced. Sequences were compared to known gene
via NCBI BLAST. It was found that 3 of the 10 sequences correlated with known defense
genes in other species (Fig. 19). These genes included PAL, PR-4, and PR-5. The closest
sequence match in all three cases was P. patens.

Fig. 18. PCR products from M cuspidatum DNA
screened with known Physcomitrella primers.

"""I
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PR-5
Description
PIIV5COrl'I!i_2IL!_Qa'.1;n'>

';ubsp Daren,

predicted orote.n

IPHYPA[)RAFT

234028

I rnRNA

cvnlple'e cos

Max

Total

Query

E

Max

score

score

cover

value

ident

356

356

27%

2e-91\

100%

878

878

10'/r,

1e-13

86%

PR-4
Description

Max

Total

Query

E

score

score

cover

value

ident

291

291

100%

1e ..75

100%

93.3

G2Cj/~

5e-16

80%

93.3

Max

Pal
Description

Max

Total

Query

E

Max

score

score

cover

value

ident

51)8

508

63%

<\e-"IO

86 %

262

262

52%)

2e66

"17°/.;;

1

Figure 19. NCBl BLAST of sequenced M cuspidatum DNA showing top two matches
for each sequence.

Detection

ofDi{[erent

Gene Responses

to Light

Since the genome of M. cuspidatum is not sequenced, changes in gene expression
of known defense related genes were monitored under different light conditions using P.
patens,

whose genome is sequenced. Under constant light/dark conditions, moss cultures

were pretreated in light condition for 24 hr and then treated with beta-I ,3-glucan. RNA
was extracted at 0, 2,4, and 24 hr post-treatment. qRT- PCR was then conducted to
determine changes in gene expression. The defense related gene allene oxide cyclase
(AOC) was primarily investigated. It was found that samples in constant dark that were
treated with B-glucan had a relative low normalized expression level at all time points
(Fig. 20). Samples subjected to the constant dark condition but treated with water
(control) instead ofB-glucan

had similar normalized expression levels (Table 4). B-

glucan treated samples in the constant light condition differed in AOe expression
depending on elapsed time after treatment. At 0 hr post-B-glucan exposure, AOe

i
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expression levels were comparable to those of the 0 hr control samples (Table 4). At 2 hr
post-treatment with B-glucan, samples in the light had AOC normalized expression levels
significantly higher than all other samples (Fig. 20). At the time points of 4 hr and 24 hr
post-B-glucan

treatment for constant light samples, AOC normalized expression levels

were not significantly altered (Table 4).
Expression levels of other defense genes of interest were not explored beyond
testing of the primers ability to amplify RNA. It was found that primers designed for
CHS, LOX, and PAL were able to amplify RNA from the constant light treatment 2 hr
post-B-glucan

treated sample. The primer set designed for PR-l did not show any

amplification in the constant light treatment 2 hr post-B-glucan exposure sample.

AOC

Figure 20. Allene Oxide Cyclase (AOC) expression in P. patens after treatment with 30
uL of I mg/mL B-1 ,3-glucan elicitor.
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Sample

iZhr Light B-gllucan

34.94!

34.94

I

0.80524

10.05703

10.05703

I

Up regulated

0.004378

No

Table 4. Data values and statistical analysis for Allene Oxide Cyclase (AOC) expression
ucan
in P. patens after treatment with 30 uL of 1 mg/mL B-1 ,3-g1
elicitor.
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Discussion
Mosses, non-vascular plants, are one of the oldest groups of land plants, yet little
is known about the defense mechanisms that have allowed them to be masters of survival.
A more studied group of plants, vascular plants, exhibit hypersensitive response (HR),
which defends against immediate pathogen attack. Once challenged by a pathogen,
systemic acquired resistance (SAR) may result, providing the plant better protection upon
subsequent attacks. Studies have suggested that light plays a crucial role in initiating
these defense responses but light's role in many plant species' defense mechanisms is
unknown. Light mediated defense mechanisms of the moss species Mnium cuspidatum
are unknown.

Pvthium irregulare Success{itllv infects Mnium cuspidatum
Fungal infection of non-vascular Mnium cuspidaturn with the non-specific soilborne vascular pathogen Pythium irregulare proved to be successful. P. irregulare
progressed from growing on the exterior of the moss (Fig. 6) to entering the moss cells
via an infection peg in the appressorium (Fig. 8) and continuing to grow on the interior of
the plant (Fig. 9). Although P. irregulare typically infects at the roots of a plant, the
fungus was able to infect at all tissue sites in M. cuspidatum. Oliver et al. (2009)
observed P. irregulare infecting P. patens, a non-vascular moss, at locations other than
the roots (rhizoids) and lends support to the idea that P. irregulare can infect nonvascular plants like M. cuspidatum . This was indicated by M. cuspidatum cell death (Fig.
10) as the fungus progressed throughout the plant. Successful infection was observed
within 24 hr of inoculation. Oliver et al. (2009) also had similar observations with
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successful infection within a 24 hr time frame. It is clear that P. irregulare is an
opportunistic pathogen that thrives by gaining necessary nutrients from various plant
sources. This study provides evidence for P. irregulare being a non-specific pathogenic
fungus that affects non-vascular plant species.

M cuspidatum Exhibits HR with P. irregulare but not B-glucan or Chitosan
After establishing that P. irregulare infects M. cuspidatum, it was investigated
whether the moss exhibited hypersensitive defenses in response to P. irregulare
challenge. It was found that M. cuspidatum did show signs of HR when inoculated with P.
irregulare. Hypersensitive

responses observed included new cell wall synthesis in an

attempt to strengthen the cell wall to prohibit fungal entry to the cell, chloroplast
congregation towards the periphery of the cells where a pathogen would try entering, and
phenolic production by the cells as a means of defense.
It can be seen in Fig. 12 that M. cuspidatum cells are synthesizing new cell wall
material in some cells but not others. Presumably, the cells producing new cell wall
material have been stimulated by the pathogen itself or by a signal from other cells that
have recognized the pathogen. The exact mechanism remains unclear. Lack of new cell
wall production seen in some cells may be due to these cells not being stimulated with
appropriate signals to start synthesis or it is possible that they have been stimulated and
sufficient time has not elapsed for production at a detectable level. Regardless, it can be
concluded that new cell wall production, as a means of a defense response, is a localized
event, also observed by Maksimov et al. (2010).

I
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Another previously reported characteristic of HR is chloroplast congregation
towards the area of infection. Normally, chloroplasts are uniformly distributed throughout
a cell. When responding to pathogen attack, chloroplasts migrate towards the cell walls
and preferentially towards the vicinity of the infected area in both infected cells and cells
in the immediate vicinity of infection (Oliver et aI., 2009). In this study, it was observed
that upon P. irregulare infection of M. cuspidatum chloroplast redistribution did occur
and chloroplasts were found next to the cell walls and void in the center of the cell (Fig.
ISb).
B-glucan and chitosan did not cause an increase in cell wall production or
chloroplast redistribution to occur (Fig. 14). The difference in response between these
elicitors and P. irregulare is most likely due to diverse mechanisms of action causing
subsequently different responses by the plant. Perhaps the observed defense responses
were induced by P. irregulare causing physical damage to the plant. P. irregulare must
puncture cells and cause physical damage to the plant in order to infect; whereas, elicitors
cause no physical damage but instead stimulate a signal transduction cascade from
receptors on the exterior cell surface.
Detected in the moss cells infected with P. irregulare were phenolic compounds
(Fig. 13). It has been previously shown that the accumulation of phenolic compounds in
plant cell walls is an important component of plant defense (Maksimov et aI., 2(10).
Oliver et al. (2009) reported the presence of fluorescing compounds in infected samples
of P. patens and attributed this fluorescence to the presence of phenolic compounds. In
this study, it was not verified that the fluorescence observed was from phenolic

..
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compounds, however, due to previous studies verifying this observation it is likely that
increased fluorescence is due to an increase in phenolic compounds in the cell.
Although M. cuspidatum appears to exhibit HR in response to pathogen attack by
P. irregulare, the defense response did not seem sufficient in most cases to stop infection.
Most samples once inoculated proceeded to be entirely killed. A similar observation was
reported by Oliver et a1. (2009), except in the moss species P. patens. This observation
may be due to the rate of P. irregulare growth and infection outpacing the moss's rate of
mounting a defense response. Further testing needs to be conducted to determine why P.
irregulare virulence is able to undermine the moss's defense response.

M. cuspidatum Appears to Exhibit Systemic Acquired Resistance (SAR)
Samples of M. cuspidatum appeared to have greater resistance to pathogen attack
upon a secondary inoculation compared to primary inoculation with P. irregulare. This
indicates that AI cuspidatum can respond to a primary infection by inducing systemic
protection for subsequent attacks. Although SAR has been shown in species of vascular
plants (Griebel and Zeier, 2008; Zeier et al., 2004), this is the first time that M.
cuspidatum has been observed to exhibit SAR.

Temperature but not Light Affects P. irregulare Growth Rate
In order to attribute moss defense response differences to the presence or absents
of light, the effect of light on P. irregulare had to first be investigated as a potential
variable. It was found that the presences or absents of light had no effect on P.
irregulare's

rate of growth (Table 3). However, it was discovered that a difference in
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temperature did influence the growth rate with colder temperatures being associated with
slower growth (Table 3). Therefore, as long as the temperature is held constant between
two different light treatments, any differences observed should not be attributed to light
affecting the growth rate of P. irregulare.

M cuspidatum Viabilitv Appears Greater in the Dark Compared to the Light
Previously published studies have investigated light's role in the initiation of plant
defense responses (Griebel and Zeier, 2008; Roden and Ingle, 2009). However, these
studies were conducted exclusively with vascular plants. No studies could be found that
investigated the influence of light on defense mechanisms in non-vascular plants.
Therefore, light's influence on the hypersensitive response of M cuspidatum infected
with P. irregulare was investigated.
Contrary to the hypothesis, it was found that M. cuspidatum survived pathogen
attack by P. irregulare better in the dark than in the light (Fig. 16). Samples in the
constant light condition appeared brown, transparent, and dead (Fig. l6c) whereas
samples in the constant dark treatment appeared to have some browning, but still
remained relatively green and void of cleared cells, which indicates that the samples were
alive (Fig. 16a). These results were further supported by another experiment in which
specific hypersensitive responses were analyzed. At 48 hr. post inoculation, moss
samples in the constant dark environment appeared to exhibit more newly synthesized
cell wall material and chloroplast distribution towards the cell walls than samples in the
light condition (Fig. 15c,f). Interestingly, some samples at 24 hr in the light environment
exhibited distinct chloroplast distribution to the periphery of the cell indicating HR
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whereas this was not observed in control samples or samples in the dark condition.
Although the constant light samples at the 24 hr post-inoculation time point appeared to
exhibit a stronger hypersensitive response than samples in the dark, by the 48 hr time
point the dark samples appeared to exhibit more pronounced HR. With more time elapsed,
the dark samples appeared greener with less cell death than samples in the constant light
treatment. Overall, long term (10 day) viability of M cuspidatum after pathogen attack
was more pronounced in samples that had been in constant dark compared to constant
light. These findings are in disagreement with the influence of light on defense responses
in vascular plants reported by Griebel and Zeier (2008), and Zeier et al. (2004), as these
studies reported seeing increased HR when samples were exposed to light as compared to
dark. Therefore, it appears that the defense response of the non-vascular moss species M.
cuspidatum is influenced by light differently than vascular plant species.
Peroxidase activity is associated with strengthening of the cell wall via synthesis
of additional cell wall material and therefore it would be expected that treatments causing
cell wall robustness would also cause an increase in peroxidase activity to accommodate
production (Maksimov et al., 2010). Results from chemical testing of peroxidase activity
supports this idea and provides more evidence that the dark treated samples exhibited a
stronger HR response than light treated samples. Peroxidase activity was detected to be
higher in samples subjected to constant dark for 24 hr compared to constant light (Fig.
17). This finding further supports the previous observation that dark grown plants survive
better than light exposed ones.
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Mnium DNA Contains Sequences Similar to De[ense Related Genes in Other Species
The genome of M. cuspidatum is not sequenced and therefore it was unknown
whether this species contained defense related genes similar to those seen in other plant
species. Through gene probing and comparative genomics it was found that M
cuspidatum has genes similar to PAL, PR-4, and PR-5 (Fig. 19). Phenylalanine ammonialyase (PAL) mediates the biosynthesis of phenylpropanoids and salicylic acid (SA)
thought to be involved with pathogen defense mechanisms (Oliver et al., 2009).
Pathogenesis related genes (PR genes) are mediated by SA and are involved with the
SAR process (Zeier et al., 2004). Since it was found that genes implicated directly or
indirectly with SA in vascular plants are also present in M. cuspidatum this lends further
support to the observation that M. cuspidatum exhibits SAR.

Li
Since putative defense genes have not been identified in M. cuspidatum,
Physcomitrella patens, a model organism with defense related genes establish, was
chosen for a genetic study of light's influence on moss defense responses. Beta-I,3glucan elicitor was used instead of the fungal pathogen since the use of an elicitor can be
more strictly controlled than a PDA plug bearing fungus. Pythium fungal species have a
cell wall composed of cellulose and B-g1ucan so the elicitor chosen was appropriate for
this study (Bartinicki, 1968). P. patens samples were kept in constant light or constant
dark conditions and inoculated with B-glucan or water as a control. The gene AOe was
primarily investigated due to it being involved in the biosynthesis pathway of the plant
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hormone jasmonic acid (JA) believed to be involved with signaling for defense responses
(Mueller et al., 1993).
The qRT-PCR results show that changing the light condition from constant light
to constant dark does not alter the expression of AOC in non-Bvglucan treated samples;
however, upon exposure to an elicitor, constant light samples appeared to have a
significant change in AOC expression (Table 4). AOC expression was up-regulated at the
2 hr post-Bvglucan

treatment time point for constant light samples (Fig. 20). These

findings are similar to Griebel and Zeier (2008) findings that the presence of light
modulates plant defense capabilities, and Oliver et al. (2009) findings that showed
induction of defense related genes occurring in the 2-4 hour range. Taken together, these
findings provide evidence for a defense response in P. patens that is dependent on the
presence of light.
Other defense related genes, PAL, CHS, LOX, and PR-l were screened for
expression upon elicitation with B-glucan. It was found that PAL, CHS, and LOX were
all expressed to some degree; however, expression of PR-l was not detected. This
observation is supported by a study conducted by Oliver et al. (2009) that showed similar
results when P. patens was inoculated with P. irregulare resulting in expression of CI-IS,
PAL, LOX and only slight induction of PR-l. Further testing of these genes is needed in
conjunction with different light treatments to determine if light also influences the
expression of these other identified defense genes.
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Conclusion
Through the use of Mnium cuspidatum
along with the moss Physcomitrella

and fungal pathogen Pythium irregulare

patens and pathogenic elicitor B-glucan, light's

influence on non-vascular plant-pathogen interactions were studied. It was found that
light does appear to playa role in moss defense but specific mechanisms remain elusive.
In P. patens it was found that the defense gene AOe was up-regulated in the light
compared to the dark when inoculated with B-glucan elicitor. This finding supported the
hypothesis that the presence of light would increase defense responses in moss. A
phenotypic study of ]VI cuspidatum

revealed that P. irregulare will infect and M

cuspidatum

will subsequently mount a defense response resembling HR. Samples of ]V!.

cuspidatum

appeared healthier in the dark compared to the light when inoculated with P.

irregulare

and these Endings were further supported by increased peroxidase activity in

dark treated samples. However, this observation does not support the hypothesis. It was
also observed that M. cuspidatum appears to exhibit SAR; three genes resembling PAL,
PR-4, and PR-5, thought to be involved with SAR, were also identified in M. cuspidatum
lending genetic support to the idea that JVl.cuspidatum
defend against pathogens.

has the capacity to systemically
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